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Abstract
The incessant demand for fiber reinforced polymer composites, or FRPCs, in industrial
applications which desire materials that possess high strength-to-weight ratios, generates a
theory-to-practice void which must be filled with scientific research. In this thesis, woven
carbon/vinyl ester composites are studied under a wide spectrum of settings and conditions. The adverse effects of sea water environment and arctic temperatures on such mentioned composites are explored in the form of moisture uptake, impact on flexural modulus,
strength and structural damage. It was found that sea water saturation in general degrades
the flexural strength up to 19.45%, and arctic exposure and combined condition increase
the flexural strength by about 23.1% and 36.2%, respectively. In addition, the fatigue
life of woven FRPCs is investigated under dry and saturated conditions and was found
to significantly decrease when moisture content was at maximum state. Furthermore, the
use of polymer additive manufacturing technology for imparting texture to bond regions in
adhesively bonded joints is also explored. An improvement in the apparent shear strength
values of adhesively bonded single lap joints is achieved by fusing structural reinforcements
to the adherents through fused deposition modeling (FDM) additive technique, increasing
the occurrence of cohesive failure over adhesive failure. Lastly, the compressive and impact
response of carbon fiber composites with fly ash interlaminar embedding (FoamPosites) is
analyzed, resulting in a density reduction of up to 12.58% without severely compromising
the structural integrity of the material system.
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Chapter 1
Introduction
Composite materials are materials that normally consist of both a matrix and a reinforcement. Examples of commonly used composite materials include but are not limited to
concrete, carbon fiber reinforced polymers, glass fiber reinforced polymers, and plywood.
Composite materials also appear in nature, to which some examples include bone and
wood. The main difference between composites and other conventional materials, such as
metals or ceramics, is that they exhibit anisotropy rather than behaving isotropically. This
means that a composite material’s mechanical property values, such as tensile/compressive
strength, hardness, toughness, elasticity, plasticity and more are different when measured
in different directions. This is contrary to how isotropic materials behave as they display
the same mechanical property values no matter what direction they are measured in. In
addition, composites display a high strength-to-weight ratio, which in other words means
that they possess elevated mechanical strengths without needing an accumulation of mass
to compensate for it, whereas other materials would not suffice with such virtue as their
strength would be dependent on their weight. Therefore, composite materials out-perform
their rivals in certain load demanding applications where the weight of the structure is
to be critically kept at a minimum - and with today’s standards for energy consumption,
weight is a decisive factor, if not the decisive factor, in the election committee of material
design.
The world of composites is relatively new and is considered to have a big potential for
the close future as it may expand into a bigger market than it already has. It is no secret
as to why giant industry companies having business interests on automotive, aerospace and
naval applications are investing wild amounts of money on the research and development of
composite materials on their products and structural designs. In contrast to conventional
materials that have been in the market for a longer period of time, composites are no
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where near being completely explored in terms of their capabilities towards in-service usage.
Scientists and engineers have had an on-going duty of trying to expand on the knowledge
we have on these types of materials, and they still continue to pursue this. There are many
applications in which the mechanical or chemical response of certain composite materials
is unknown, and it is due to the rising diversity in number of options when it comes to
choosing between which type of fiber or resin to use. That is the reason why research
on composite materials is imperative for the improvement of the material itself and the
application which it is destined to fulfill.
1.1

Scope and Outline of the Thesis

This thesis is a research effort on expanding the knowledge of a certain composite material
and its functional response based on the operational demands. The composite material
covered, acting as the backbone of this manuscript, are woven carbon/vinyl ester composites. Chapter 2 explores the influence of extreme temperatures and seawater on the static
flexural behavior of the material, Chapter 3 focuses on bond interface design for single lap
joints, Chapter 4 investigates the flexural fatigue behavior in dry and saturated conditions
of the material, and Chapter 5 studies the mechanical response on the hybridization of fly
ash and the composite material. The thesis is ended with Chapter 6, which offers a brief
conclusion of all the works delineated by the achievements and future work.

2

Chapter 2
Influence of Arctic Seawater Exposure on the Flexural Behavior
of Woven Carbon/Vinyl Ester Composites
2.1

Introduction

Recent rise in demand and interest in arctic exploration calls for the understanding of
mechanical behavioral aspects of naval structures in extreme conditions. Naval materials
typically experience drastic changes and degradation in their macro-and-microstructures
when exposed to sea water and cold temperatures. Hence, it is critical to focus on the
damage and types of failure that occur during service after exposed to extreme conditions,
and develop methods for improving the damage resistance, tolerance, and life cycle of the
naval materials being used.
Sandwich composites are preferred for naval hull structures due to their lightweight,
enhanced performance and affordability. A sandwich composite consists of two thin, but
stiff face sheets bonded with a lightweight and damping core between them. Commonly used
materials for sandwich face sheets are carbon and glass fiber composites, while aluminum
and a variety of foams are utilized for sandwich cores [1]. Naval applications expose these
types of materials to adverse environments with respect to time, which can potentially cause
surface alterations, internal damage, and degradation of their chemical and mechanical
properties, ultimately compromising the safety of the naval structure.
In recent years, research on moisture uptake has covered different types of face sheet
composites and enclosing liquids [2, 3, 4], but seldom work exists on the combination of
carbon fiber composites, sea water absorption, and arctic exposure. Aviles and Aguilar [5]
studied moisture absorption in foam-core sandwich composites, focusing individually on its
constituents and calculating the moisture saturation content along with their corresponding
diffusion coefficients. Investigations on composite laminates were conducted by Loos et al.
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[6], where polyester E-glass composites were submerged in different fluids, including sea
water. Water absorption studies concerning foam cores can be found in the work by Siriruk
et al. [7], Kanny et al. [8] and Tagliavia et al. [9].
In this chapter, the focus is on the periodic flexural investigation of woven carbon/vinyl
ester face sheet composites up to saturation, followed by arctic exposure. Towards that,
woven carbon fiber laminates were fabricated and submerged in synthetic sea water until
saturation was attained. Samples were weighed and physically tested periodically to determine the influence of moisture uptake and diffusion on their flexural stiffness and strength.
A set of saturated samples were also exposed to arctic conditions and tested in-situ to
investigate the influence of sub-zero temperatures on the structural integrity. The failed
regions in each case were examined to relate the failure modes to the environmental exposures. This chapter is organized in the following sections: manufacturing process, which
includes the material systems used and sample dimensions; experimental procedure, which
includes details on sea water exposure, moisture uptake measurements, diffusivity calculations, arctic exposure and flexural test procedure. The chapter will culminate with detailed
discussion of results and conclusion.
2.2

Manufacturing

Carbon fiber laminates were fabricated using vacuum assisted resin transfer molding
(VARTM) process. Material system, fabrication process and sample dimensions used in
this study are discussed next.
2.2.1

Material System

3K tow (i.e. 3000 filaments per tow) plain weave carbon fiber fabrics were used to manufacture the laminates investigated in this chapter. These fabrics create lightweight and
tensile stiffened structural products, and are also compatible with a variety of thermosets
and thermoplastics. This type of fabric is commonly used in aerospace, marine and automobile applications. Hetron 922 vinyl ester resin, formulated for 1.25% MEKP, was the
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resin system utilized to impregnate the dry carbon fabric. Hetron 922 is a low viscous thermoset, which is advantageous for easy infiltration during the VARTM process. Mechanical
properties of the carbon fabric and vinyl ester resin are given in Table 4.1.
Table 2.1: Constituent material properties
Property
Carbon Fiber Vinyl-Ester
Tensile Strength
4.2-4.4 GPa
82.7 MPa
Tensile Modulus 227.5-240.6 GPa 3.7 GPa
Elongation
1.4-1.95
4.6-7.9
Flexural Strength
131 MPa
Flexural Modulus
3.4 GPa
Nom. Thickness
0.3048 mm
Barcol Hardness
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2.2.2

Laminate Fabrication

VARTM process was used to fabricate composite panels with 304.8 mm in length x 304.8
mm in width. Carbon fabric along with additional textiles, such as flow media, breather
and nylon sheets were also cut to fit aluminum molds of the same size as the expected
panels. Material layers required to fabricate a single composite panel were as follows: 2
aluminum molds, 2 flow-media sheets, 4 nylon peel plies, 2 layers of breather, and 16 layers
of carbon fiber. A through-thickness schematic arrangement of these material layers is

shown in Fig. 4.1. This arrangement was then wrapped with Stretchlon® 800 bagging film
and sealed with vacuum-sealant tape, ensuring space for both inlet and outlet connectors.

Figure 2.1: Layer distribution of materials used in the VARTM process
Vinyl-ester resin was mixed with MEKP hardener in a container at a weight ratio of
5

100:1.25. The outlet was then connected to a vacuum pump until the vacuum bag achieved
an airtight state of approximately 5.5 bar (gauge) pressure. The inlet of the vacuum bag
was then submerged in the resin/hardener mixture allowing flow of the resin through the
dry fabric layers, which was assisted by the vacuum created. It is important to note that the
resin/hardener mixture was placed in a desiccator prior to infiltration in order to remove
air bubbles from the mixture. Upon completion of the resin transfer process, the laminate
was cured at room temperature for 24 hours.
2.2.3

Sample Dimensions

Sixteen layers of dry carbon fabric resulted in laminates with a nominal thickness of ≈
4 mm. The layers of carbon fabric were stacked along the z-axis such that tows in each
layer are oriented along the x and y-directions as shown in Fig. 2.2. Specimens were
water-jet cut to a length of 153.6 mm and a width of 13 mm (see Fig. 2.2). Dimensions
were based on the ASTM standard D7264 [10], which requires a span-to-thickness ratio of
32:1 for accurate flexural results. These specimens were also used to determine moisture
saturation content and diffusivity, following the ASTM standard D5229 [11], as well as
periodic flexural behavior. Due to the transversely isotropic nature of the laminates, three
additional specimens were cut to the following dimensions: (1) 25 mm x 50 mm, (2)
50 mm x 50 mm, (3) 75 mm x 50 mm. These specimens were used for calculating the
through-thickness diffusion constant, following the ASTM standard D5229 [11], which will
be explained later in detail.
2.3

Experimental Approach

The motivation behind the experimental investigations was to determine the degradation
of the flexural properties of carbon woven composites exposed to sea water and arctic
temperatures. Towards that, the weight change percentage of carbon fiber composites
caused by sea water absorption at room temperature was periodically measured and the
samples were subsequently tested under flexural loading. The diffusivity constant (D) was
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Figure 2.2: Dimensions of carbon fiber samples
Table 2.2: Overview of test matrix
Temperature Environment Test Type No. of Specimen
Dry
Flexural
5
Room (23 ◦ C)

Arctic (-60 ◦ C)

Sea Water
Dry
Sea Water

Sorption

60

Flexural
Flexural
Flexural

60
5
5

Notes
Baseline
Periodic weighing +
Diffusivity calculation
Periodic testing
In-situ
In-situ

first determined to establish the extent of diffusion of sea water into woven carbon-vinyl
ester composites. Further, a separate set of samples were exposed to -60 ◦ C for 60 days
followed by flexural tests in-situ at -60 ◦ C. Also, a set of sea water saturated samples
were conditioned at -60 ◦ C for 48 hours and tested under flexural loading at in-situ -60
◦

C temperature. An overview of the test matrix is shown in Table 2.2 and details of each

experimental step conducted is given in the following subsections.
2.3.1

Sea Water Exposure

For sea water exposure study, the edges of the specimens were sealed with epoxy resin
before exposing them to sea water to minimize infiltration through the edges. Sealing
the edges with resin also considers certain real-life applications. For example, the hull
of a ship composed of composite-material panels would only contact sea water from one
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surface, absorbing the fluid only in the through-thickness direction. Panel surfaces in real
applications are typically coated, however, they can be in contact with the environment
in the case of coating wear-out. Thus, the approach adopted in this chapter enables the
specimens towards one-dimensional absorption. Albeit, the end-use of a composite face
sheet would require more detailed adaptations of real conditions, such as coatings, they are
beyond the scope of this chapter. The specimens were weighed and dimensions measured
after the curing of the epoxy resin applied at the edges. The specimens were then placed
inside an oven for moisture desorption at 80 ◦ C for a total of 6 hours. A 20-gallon fish tank
was used as a water bath for submerging the samples in synthetic sea water. The samples
were placed on supports (shown in Fig. 2.3) to ensure exposure of the top and bottom faces
to the surrounding liquid.

Figure 2.3: Experimental setup for moisture uptake study
Submerged specimens were removed from the sea water bath periodically for weighing. The specimens were wiped first to remove excess moisture and then weighed using a
analytical balance with an accuracy to 3 decimals. The following expression was used to
calculate the weight change percentage caused by water uptake:
Mass change, % =

wt − wb
× 100
wb

(2.1)

where, wt is the weight at the time of removal and wb is the baseline weight. The samples
were weighed every 24 hours at the beginning of the water uptake experiment. The weighing
frequency was gradually reduced until reaching a frequency of once per week. Sets of
submerged samples were also removed from the water bath periodically for flexural testing.
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One of the objectives of the water uptake study was to determine the diffusivity coefficient of sea water in woven carbon-vinyl ester composites. Fick’s laws of diffusion have
been widely used to describe moisture absorption behavior in many materials. In particular,
Fick’s 2nd law is expressed in the following form:
dC
d2 C
=D 2
dt
dz

(2.2)

where, D is the diffusivity coefficient, C is the concentration of fluid, and z is the direction of
fluid diffusion. As given in Aviles and Aguilar [5], Equation 2.2 can be solved to determine
the overall diffusion coefficient, given by:

D=π

h
4Msat

2 

dM (t)
√
d t

2
(2.3)

where, h is the thickness of the sample, Msat is the maximum saturation content, M (t) is
moisture content at a given time t. The first part of Equation 2.3 represents the saturation
stages of moisture uptake of the material, while the second part represents the initial slope
at the beginning of water absorption.
Due to inherent directionality of woven composites, they are assumed to display transversely isotropic behavior with the same diffusion coefficient in the x and y directions (inplane directions, Dx =Dy ) and a different diffusion coefficient for the z direction (throughthickness direction). The following equation was used to obtain the diffusivity constants in
different directions from the measurements of the overall diffusion of the composite:
p
√
D = Dz +



h
h
+
L w

p
Dx

(2.4)

where, L and w are the length and width of a specimen. Equation 2.4 appears to assume
√
the form of a linear equation, when D is plotted against h/L + h/w, and the slope and
√
√
y-intercept of the line provide Dx and Dz , respectively. In order to utilize this equation
to determine the through-thickness diffusivity coefficient, the overall diffusivity coefficients
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were determined for three different-sized samples mentioned before. The three values of D
were then plotted against the corresponding three values of h/L + h/w. The three points
√
√
were fitted with a linear graph, which was essential to determine Dx and Dz .
2.3.2

Arctic Exposure

To the knowledge of the authors, there is no standard for arctic exposure studies on polymeric composites. Hence, a test procedure was developed in-house and followed. Specimens
were initially weighed and measured followed by drying in an oven at 80 ◦ C for a period
of 6 hours. The samples were then placed inside a freezer at -60 ◦ C for a period of 60
days, after which they were tested in an arctic in-situ environment at -60 ◦ C to determine
their flexural properties. Liquid nitrogen was used in an Instron environmental chamber
to attain -60 ◦ C for the in-situ tests. For the purpose of examining the effects of sea water
saturation at low temperatures, room temperature sea water saturated samples were first
pre-conditioned in a freezer at a temperature of -60 ◦ C for 48 hours, followed by in-situ
flexural tests at -60 ◦ C.
2.3.3

Flexural Tests

One of the main objectives of this research was to examine the evolution of flexural properties of the woven composites exposed to sea water with respect to the extent of saturation
and time. Three-point bend tests were conducted to determine the flexural modulus and
strength, which were calculated from the load-displacement responses obtained from the
experiments. The span length provided by the fixture was 128 mm and the diameter of
support rollers was 10 mm. Specimens were tested in an INSTRON 5969 machine at a
loading rate of 1 mm/min as suggested by the ASTM standard D7264 . Stress, strain and
the chord flexural modulus values were calculated using the following expressions:
σ=

3P L
6δh chord ∆σ
;

=
; Ef
=
2bh2
L2
∆

(2.5)

where, σ is the stress at the mid-span outer surface,  is the maximum strain at the surface,
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Efchord is the flexural chord modulus of elasticity, P is the applied force, L is the support
span, b is the width of the sample, h is the thickness of the sample, and δ is the mid-span
deflection.
As mentioned above, arctic conditioned samples were tested within an in-situ environmental chamber at a temperature of -60 ◦ C with LN2 as the working fluid. This environmental chamber was situated with the same INSTRON 5969 machine used before. The
calculation procedure described above was used for the arctic samples as well.
In order to elaborate on the impact of the environmental conditions (sea water absorption and arctic temperature) considered in the current chapter, an equation that captures
the influence of cross-sectional changes in an average sense on the effective modulus is given
below based on damage mechanics:

Ẽ = (1 + ωswelling − ωshrinkage − ωdegradation )E

(2.6)

where, Ẽ is the effective elastic modulus, ωswelling is the influence of swelling caused by
sea water absorption, ωshrinkage is the influence of shrinkage caused by arctic temperature
(thermal contraction), ωdegradation is the impact of peripheral degradation caused by sea
water absorption, and E is the original (baseline) elastic modulus.
Each of the contributions through ω are defined as follows:

Sswelling
;
Sbaseline

ωshrinkage =

ωdegradation

Sdegradation
=
Sbaseline

ωswelling =

Sshrinkage
;
Sbaseline

(2.7)

where, Sbaseline is the initial pristine cross-sectional area of the specimen; Sswelling , Sshrinkage
and Sdegradation represent the cross-sectional area changes with respect to different environmental conditions, and are illustrated in Fig. 2.4. It is important to note that when the
material is not exposed to environmental conditions, Sswelling = 0, Sshrinkage = 0 and
Sdegradation = 0, resulting in Ẽ = E. Equations 2.6 and 2.7 were used later in this work to
11

explain variations in the flexural modulus between different environments.

Figure 2.4: Cross sections of damaged material due to different environments

2.4
2.4.1

Results and Discussion
Sea Water Uptake and Diffusivities

Equation 2.1 was used to obtain sea water uptake curves with respect to time. Moisture uptake measurements revealed a moisture saturation content, Msat , of approximately
1.5±0.1%. From earlier studies, vinyl ester composites have shown moisture uptake percentages ranging from 0.4-1.2%, depending on the material configuration and environmental
parameters [12, 13, 14]. In Kootsookos et al. [14], vinyl ester reinforced composites exposed
to sea water displayed a high moisture uptake percentage of approximately 1.2%. In Loos
et al. [6], Msat was observed to be 1.4% for submerged polyester E-glass composites in salt
water. It is widely known that epoxy systems are less resistant to moisture uptake as compared to vinyl ester or polyester systems. A slightly higher value for moisture saturation
content presented here can be attributed to manufacturing defects like void formation during in-house manufacturing of the composites, as well as to the differences in the material
system, liquid type, exposure, and temperature with respect to other studies. Weight gain
percentage of one specimen with respect to time is shown in Fig. 2.5(a), which appears to
follow Fickian behavior with a linearly increasing region in the initial stage and a plateau
region around 120 days of exposure. It is observed from Fig. 2.5(a) that weight gain ap-

12

pears to increase beyond the saturated plateau region. This increase is attributed to other
effects occurring in the material as explained in the next paragraph, and is not considered
as a manifestation of sea water absorption.

(a)

(b)

Figure 2.5: (a) Sea water uptake of woven carbon/vinyl ester composites; (b) Plot
of sea water diffusivities against different aspect ratios of the composite

Non-Fickian behavior in a material is said to occur, as proposed by many researchers
in moisture uptake studies [15, 16, 17], when sorption data out lies the expected saturation region in the form of a decrease, increase, or a fluctuation beyond a plateau region of
saturation. This change, often referred to as “non-Fickian phenomena”, beyond the apparent saturation region in the moisture absorption curve requires further investigation into
several physical parameters. For example, surrounding temperature may trigger a change
in the expected saturation behavior; Imaz et al. [18] showed that carbon-epoxy laminates
in general obey Fickian behavior at low temperatures, but display non-Fickian behavior
at high temperatures. Other physical parameters or changes may also alter the saturation
process of a material, which include but are not limited to micro-cracking, resin leaching
or dissolution, internal or surface cracks, pre-established voids, and surface peeling. Most
of the material alterations listed above can potentially cause an overall net weight gain
by trapping continuous water even in a saturated state; only surface peeling causes a net
13

weight loss when the materials is saturated [6, 18, 19]. Thus, an increase in the weight gain
percentage observed beyond the plateau region of the moisture absorption curve shown in
Fig. 2.5(a) is attributed to internal and surface cracks present in the composite.
Table 2.3: Diffusion coefficients and moisture saturation content
Material D (mm2 /s) Dx =Dy (mm2 /s) Dz (mm2 /s) Msat (%)
Laminate 1.81 x 10−6
6.25 x 10−6
1.44 x 10−6 1.5±0.1
The average of the overall diffusivity coefficients determined using the moisture uptake
curves and Equation 2.3 is given in Table 2.3. Further, the plot of Equation 2.4 shown
in Fig. 2.5 (b) was used to decompose the in-plane (Dx =Dy ) and through-thickness (Dz )
diffusivity coefficients of these specimens. The moisture saturation content along with the
overall, in-plane, and through-thickness diffusivity coefficients are given in Table 2.3.
2.4.2

Microstructural Changes due to Sea Water Uptake

Scanning electron microscopy (SEM) was performed on the cross-sectional area of dry and
wet samples. Both types of specimens were diamond-saw cut through their cross-sections
near the free edges perpendicular to the specimen length, as shown in Fig. 2.6 and Fig. 2.7.
These regions were chosen in order to avoid damage that could have been caused by the
three-point bend test rollers. The cut surfaces were mechanically polished before conducting
SEM as suggested by Stutzman and Clifton [20]. It is important to note that the wet
samples were exposed to synthetic sea water for a period of 200 days, which corresponds
to a stage of moisture saturation. As indicated by Aviles and Aguilar [5], an adverse
microstructural change within a composite is expected in the form of swelling stresses,
cracking, and fiber/matrix de-bonding, which is attributed to the amount of water absorbed
by the material. Figures 2.6 and 2.7 show the SEM images of the cross-section of both
dry and wet samples at two edges. Wet samples displayed a smoother (saturated) surface
when compared to the rough (parched) surface of the dry samples. Also, a distinctive hue
is detected within the edges of the wet specimens, suggesting relatively large amounts of
concentration of sea water near the edges.
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Figure 2.6: SEM images of the right edge on the cross-section of dry and saturated
samples

Figure 2.7: SEM images of the bottom edge on the cross-section of dry and saturated samples

2.4.3

Effects of Sea Water Uptake on Flexural Behavior

Specimens were periodically subjected to three-point bending tests to determine their flexural modulus and strength with respect to the extent of sea water uptake. Fig. 2.8 (a)
and (b) show the variation of flexural modulus and strength with respect to exposure
time, respectively. The results showed that the exposure to sea water adversely affects
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(a)

(b)

Figure 2.8: Variation in (a) flexural modulus and (b) flexural strength with respect
to exposure time

the materials’s flexural strength, resulting in an ultimate reduction of up to 19.45% for an
exposure time of 140 days. This significant reduction in the values of flexural strength of
the wet specimens can be attributed to the highly liquid infiltrated zones at the boundaries
shown in Figures 2.6 and 2.7, causing plasticization of the vinyl ester resin matrix. On
the other hand, flexural modulus values appeared to fluctuate with respect to exposure
time. It was observed during the sea water exposure study that the concentration of sea
water absorption was predominantly at the boundaries of the cross-section. The effective
flexural modulus is a quantity influenced by the cross-section, which should show a very
small downward trend with increasing degradation concentrated at the periphery of the
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same. However, water absorption also causes slight swelling of the cross-section, which is
expected to counteract the effect of peripheral degradation, as accounted in Equation 2.6.
Fig. 2.4 shows a schematic of changes observed in the cross-sectional area due to peripheral
degradation and swelling, which are competing mechanisms that cause fluctuations in the
flexural modulus with sea water exposure.
2.4.4

Effects of Arctic Conditions on Flexural Behavior

Arctic conditioned samples were exposed to -60 ◦ C for 60 days and then tested in-situ at
the same temperature to determine their flexural properties. The results were compared
to that of the room temperature dry samples (see Table 2.4). Arctic conditioned samples
manifested an 11.3% decrease in flexural modulus and 23.1% increase in flexural strength
with respect to room temperature dry samples.
Table 2.4: Flexural modulus and strength values of dry and arctic conditioned samples
Type
Flexural Modulus (GPa) Flexural Strength (MPa)
Dry (23 C)
42.84±0.7
389.70±12
Dry (-60o C)
38.01±0.9
479.65±8
Failure sites of arctic and dry samples were examined using digital microscopy, where
both showed similar shear band failure mode. However, it is observed from Fig. 2.9 that
the dry samples manifested significant matrix cracking along with fiber kinking as opposed
arctic exposed samples where fiber kinking is dominant. That is, the failure associated
with arctic samples appear to be sudden, whereas, the dry samples display a progressive
failure. The effects of embrittlement due to arctic exposure is also manifested in the
flexural stress-strain responses shown in Fig. 2.10. That is, arctic exposure results in higher
flexural strength, but causes catastrophic brittle type failure in the post peak response. The
decrease in flexural modulus can be ascribed to the thermal contraction or shrinkage of the
initial cross-sectional area of the specimens, which was stated in Adamson [21]. Equation
2.6, which was previously defined, accounts for the influence of arctic shrinkage on the
effective elastic modulus.
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Figure 2.9: Digital microscopy of failed regions in dry samples tested at room (left)
and arctic (right) temperatures

Figure 2.10: Flexural stress vs. strain response of dry and arctic conditioned samples
Next, a set of saturated samples obtained from the previous room temperature sorption
study were exposed to -60 ◦ C for 60 days as well, and were then tested in-situ at -60 ◦ C
to determine their flexural properties. Flexural properties obtained were compared to that
of the dry samples, and are summarized in Table 2.5. The saturated arctic conditioned
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samples manifested a 2.9% decrease in flexural modulus and an average of 36.2% increase in
flexural strength with respect to room temperature dry samples. In this case, the increase
in flexural strength can also be attributed to embrittlement. However, a large variation in
the flexural strength values is observed in Fig. 2.11. This variation can be attributed to the
freezing of sea water entrapped within the samples due to saturation. The flexural strength
appears to have been affected accordingly due to variation in the amount of sea water
absorbed and entrapped during saturation, and the locations within individual samples.
Here, the impact of thermal shrinkage due to arctic exposure is being counteracted by the
swelling of the cross-section due to sea water absorption. Along with peripheral degradation
due to sea water absorption, only marginal change in the modulus was observed in arctic
saturated samples as compared to relatively larger reduction as in the case of dry arctic
samples. Such behavior was also annotated by Adamson [21].
Table 2.5: Flexural modulus and strength values of dry and combined sea water
saturated + arctic conditioned samples
Type
Flexural Modulus (GPa) Flexural Strength (MPa)
Dry (23 C)
42.84±0.7
389.70±12
o
Saturated (-60 C)
41.58±5.3
530.92±54
Digital microscopy of the failed regions in a saturated arctic sample is shown in Fig. 2.12.
Both matrix and fiber damage is observed with kink bands occurring along two directions. It
should be noted that fiber failure occurred in a catastrophic manner, displaying a “brushed”
or “broomed” effect, which was not present in the previous scenarios.
Fig. 2.13 summarizes the flexural test results for arctic conditioning, both dry and
saturated, with respect to the dry room temperature baseline case. The flexural strength
has an increasing trend with decreasing environment temperature and sea water saturation.
Arctic exposure results in higher flexural strength mainly caused by the embrittlement of
the material as stated earlier in this section.
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Figure 2.11: Flexural stress vs. strain response of dry and combined sea water saturated + arctic conditioned samples

Figure 2.12: Digital microscopy of failed regions in sea water saturated + arctic
temperature conditioned samples

2.5

Conclusion

In this chapter, the adverse effects of sea water and arctic temperatures on woven carbon
fiber/vinyl ester composites were explored in the form of moisture uptake, impact on flex-
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Figure 2.13: Summary of flexural results between arctic conditioning and room temperature.

ural modulus, strength and structural damage. Flexural response of dry samples at room
temperature were considered as baseline behavior for comparing the same for partial and
fully saturated samples, dry arctic exposed samples and saturated arctic exposed samples.
Moisture uptake study was conducted first to determine the sea water saturation content
(≈1.5 %) and the diffusivity coefficients (D ≈1.81 x 10−6 mm2 /s & Dz ≈1.44 x 10−6 mm2 /s)
of woven carbon fiber/vinyl ester composites. During this study, sets of samples were periodically subjected to flexural loading to determine the influence of moisture content on
their flexural properties. Gradual reduction in flexural strength was observed with increasing moisture content, leading to an ultimate reduction of ≈19.45%. The flexural modulus
appeared to fluctuate with moisture content. The microstructure of dry and saturated
samples were compared using Scanning Electron Microscopy (SEM), which exhibited a
saturated surface with distinctive hue for wet samples as compared to a rough (parched)
surface of the dry samples.
Dry and saturated samples were also conditioned and tested in an in-situ arctic environment, where both showed an increase in flexural strength due to matrix and fiber
embrittlement in the material system caused by low temperature exposure. Dry arctic
exposed samples showed an increase of about 23.1% and saturated arctic exposed sam-
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ples showed an increase of about 36.2% as compared to the baseline dry sample flexural
strength. However, the flexural strength of sea water saturated arctic samples appear to
show relatively large variations. This can be attributed to the freezing of entrapped sea
water in these samples due to saturation. Variation in the quantity and location of sea
water entrapped can alter the flexural strength significantly - moisture saturation content
shown in this study varied ±0.1% between samples, and a relatively uneven distribution of
water concentration was observed through SEM, which alters the failure initiating regions
in a specimen. Thereby, influencing the flexural strength values. Further, the influence of
sea water saturation at room and arctic temperature has insignificant influence on the flexural modulus due to confinement of sea water only at the boundary regions of the samples.
However, the flexural modulus of dry arctic exposed samples showed a decrease in flexural
modulus of ≈11.3%.
To summarize, the research presented in this chapter attempts to relate failure modes to
the flexural behavior of woven carbon/vinyl ester composites exposed to three key environmental conditions: sea water, arctic temperature and combined sea water/arctic condition.
Sea water saturation in general degrades the flexural strength, whereas arctic exposure
and combined condition increases the flexural strength. However, arctic and combined
environment tend to shift the post peak behavior from progressive to brittle type failure.
Therefore, using these composite in arctic environment may result in catastrophic failure,
and special consideration is required while designing critical load bearing components in
arctic applications using woven carbon/vinyl ester composites.
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Chapter 3
Bond Interface Design for Single Lap Joints using Polymeric
Additive Manufacturing
3.1

Introduction

Automotive and aerospace industries, amongst many others, are exploring routes to improve
the quality of joints in an assembled component. Joints are critical regions in structures due
to the stress concentrations manifested compared to the members of a component. With
increasing applications of fiber reinforced polymer matrix composites (FRPCs) in aircrafts,
navy structures and automobiles, novel joining technology to assist the fabrication of large
components has become a priority for structural engineers. Conventional materials such as
steel or aluminum are joined using fasteners and/or bolted joints, which are not favorable for
FRPCs as drilling or cutting may damage fibers causing an adverse effect on their structural
integrity. Thus, adhesively bonded joints are becoming a viable option for joining FRPCs.
Advantages of bonded joints over traditional mechanical fasteners are lower structural
weight and improved damage tolerance. Despite these advantages, bonded joints in primary
load-bearing applications often result in overdesign due to the inclusion of mechanical
fasteners for additional safety. This is due to the lack of confidence in adhesively bonded
joints for composite joining technology. Mechanics based designs for bonded joints are
necessary to facilitate efficient use of composites for lightweight applications. This chapter
presents the use of additive manufacturing to improve the mechanical behavior of bonded
joints by enhancing the load bearing capacity of the bond area.
Aerospace industry was the first to conduct work on adhesively bonded joints in the
1970-80s. An extensive review on the joint strength of adhesive joints for fiber reinforced
composites was provided by Matthews et al. [22]. The bond strength for FRPCs depends on
various parameters, like, joint configuration, adhesive properties, surface preparation, test
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methods, environmental conditions, etc. Of these, surface preparation is perhaps one of the
most critical in governing the quality of the joint [23]. According to Davis and Bond [24],
surface treatment with favorable surface chemistry prior to bonding can result in significant
increase in the bond strength resulting in improved durability of adhesive bonds. In order
to ensure maximum bond strength, abrasion/solvent cleaning techniques are commonly
employed as surface treatment for thermoset composites, like carbon/epoxy or glass/epoxy
composites. Other viable options for surface treatments are, grit blasting, acid etching,
laser treatment, etc. A novel method is proposed here that utilizes additive manufacturing
to impart engineered structure to adherent surfaces in order to drastically increase the bond
strength. It is hypothesized that mechanics dictated gradation of interface modification will
further assist in improving the strength and toughness of the adhesive bond.
Adhesively bonded joints can have different geometries depending on the type of application. Commonly studied joints by previous researchers [25] are single-lap, double-lap,
scarf, stepped, T-shaped, tubular lap, L-shaped joints, etc. A detailed procedure for the
design of adhesively bonded joints, like single, double and step, for composites under static
and cyclic loads is given in Chamis and Murthy [26]. Stress distribution within a joint
dictates the strength of an adhesively bonded joint, which in turn depends on the geometry of the joint and material properties of adhesive and adherent. Therefore, a detailed
analysis of a joint configuration with the corresponding materials is required to evaluate
the stress distribution. The joint design should be catered towards minimizing the stress
concentrations that catalyze debonding type failure at the composite joint. Especially, peel
and cleavage stresses should be suppressed, while maintaining an almost uniform stress
distribution along the joint. The effects of stress concentrations are accentuated due to
layered nature of fiber reinforced composites. The weak interfaces within the adherents
can result in their failure along with joint failure. Therefore, it is essential to improve the
mechanical properties of bonded joint regions of a layered composite.
Single-lap joint is one of the most commonly used joint geometry due its simplicity
and easiness to fabricate [27]. However, stress concentrations are manifested at the ends
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of the bond overlap that potentially cause peel damage resulting in their premature
failure [28, 29, 30]. Previous researchers have explored modifying the adherent geometries
[31, 32, 33], like tapering, stepping and wavy lap, as possible options to minimize these
stress concentrations to improve their load bearing capacity.

However, a changing

adherent shape is a constraint on the component geometry and may not be favorable for
fabrication purposes. Hence, there is a critical need to improve the bond strength while
maintaining standard geometries of the adherent. Further, complex joint designs, like
T-joint or Pi-joint, that are used to join composites require extensive investigation on
the stress distribution and its influence on the overall structural integrity of the component.

Motivation
Interface design is very critical for bonded joints in FRPCs and a smart designing technique
should be developed to minimize the damage and failure incurred by weak bond interfaces.
It is hypothesized that improvement in strength and toughness can be achieved by imparting
structural texture at the adhesively bonded joint interfaces. Hence, novel technology using
additive manufacturing at the bond interfaces has been explored in this chapter.
The research reported in this chapter was split into the following main steps: 1) Conduct single lap shear (SLS) tests on pure epoxy adhesively bonded joints to establish a
baseline for apparent shear strength; 2) Analyze the bonded joint systems computationally to determine the stress distributions; 3) Modify the bond design computationally to
understand their influence on the distribution of stresses; 4) Enable the optimum designs
at the bond regions accurately using fused deposition modeling within polymer additive
manufacturing; 5) Conduct single lap shear (SLS) tests on the modified joints to check the
influence of the new bond interface designs on the apparent shear strength.
The outline of the chapter is as follows: The manufacturing process for pure adhesively
bonded joints and modified joints is explained first, followed by the computational modeling
of altered bond designs. The experimental approach for testing the single lap joints is
described next followed by results, discussion and conclusions.
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3.2

Manufacturing

Single lap shear adhesively bonded joints were examined in this chapter following the
ASTM D5868-01 standard [34]. The manufacturing process of the bonded joints can be
divided into two parts: (1) development of bonded joints using pure adhesive only, and (2)
development of the bonded joints incorporating 3D printed designs on the adherents. The
joint preparation process for both cases will be discussed next.
3.2.1

Pure Adhesive Joints

Two carbon fiber woven epoxy laminate adherents were bonded together using LOCTITE
Hysol E-120HP epoxy (refer to Table 3.1), which was cured at room temperature for 24
hours. The adherent substrates used were water-jet cut from a DragonPlate solid woven
carbon fiber laminate (2.38 mm thick Matte 30.48 cm x 60.96 cm). A total of 5 joints with
dimensions shown in Fig. 3.1(a) were fabricated and tested.
Table 3.1: Epoxy product characteristics
Technology
Property
Chemical Type (Resin)
Epoxy
Chemical Type (Hardener)
Polyamide
Appearance (Resin)
Off-white to beige liquid
Appearance (Hardener)
Amber liquid
Appearance (Mixed)
Amber-Beige
Components
Two component - requires mixing
Viscosity
High
Mix Ratio (volume) - Resin:Hardener
2: 1
Mix Ratio (weight) - Resin:Hardener
100 : 46
Cure
Room temperature cure after mixing
Application
Bonding
Bond line thickness of 0.76±0.05 mm was achieved using glass microspheres, which
provided a bond line control of 700-800 µm (refer to Table 3.2 for the measured specimen
thicknesses). Due to insufficient information in literature about adhesive to microsphere
ratio [35, 36, 34], the authors decided to use a weight ratio of 10:1 as suggested by the
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(a)

(b)

(c)

(d)

Figure 3.1: (a) Dimensions for single lap joint as per the ASTM standard; (b)
C-clamps used for applying constant pressure on samples with microspheres; (c) Schematic for pure adhesive joints without microspheres;
(d) Physical setup for PA joints without microspheres

manufacturer. In addition, a 15:1 configuration was used for pure adhesive bond testing
in order to examine the influence of microspheres on the strength of the adhesive bond.
The microspheres were mixed thoroughly with the resin prior to applying on an overlap
area of 6.45 cm2 of the substrates. C-clamps were used to apply pressure on the overlap
area as shown in Fig. 3.1(b), where equal number of threads above the c-clamp overhead
was maintained to ensure comparable values of pressure applied between different joints
fabricated. Another approach for manufacturing single lap joints suggested by Boutar et al.
[37] was followed, which does not use microspheres. A schematic of the setup is shown in
Fig. 3.1(c), where the bond line thickness was achieved using an aluminum support to raise
one of the adherents by the required height. A weight was added onto the same adherent
to aid in curing of the adhesive as shown in Fig. 3.1(d).
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3.2.2

3D-Printed Adhesive Joints

Manufacturing 3D-printed adhesive (3D-PA) joints using fused deposition modeling (FDM)
required printing the interface designs onto the carbon fiber adherents (or substrates) prior
to fabricating the joints using epoxy. FORTUS 900mc Stratasys machine was the printer
used. The material used to create the interface designs was ABS-M30, which will be referred to as “model” material in this chapter. ABS-M30 is up to 25-70% stronger than
standard Stratasys ABS material, possessing greater tensile, impact, and flexural strength.
The model material was extruded at a temperature of 315 ◦ C and the chamber temperature was 95 ◦ C. Note that these temperatures vary for different model materials, such as
polycarbonate (PC) or ULTEM 9085. The substrates (or adherents) were exposed to the
chamber temperature required by the model material for fifteen minutes prior to printing
the model material to check for any damage imparted due to the chamber temperature.
The substrates showed no degradation in the material property and the printing process
was initiated next.
A new methodology was developed and followed for printing over the nominal thickness
of the substrates due to the lack of a standard manufacturing procedure for 3D printing
over carbon-fiber substrates. 3D printing machines are generally calibrated in the x, y,
and z directions for printing over their corresponding platforms, but, lack the same for
composite substrates.
Few challenges encountered during the printing process on substrates are discussed
next. The first challenge was to develop a technique for restricting the substrate’s free
body motion inside the machine chamber caused by the friction between the extruder and
the adherent. This was addressed by crafting a fence of 2.54 mm in height tightly around
the substrate within a tolerance of ±0.0254 mm, which was designed via computational
aided design (CAD) modeling as shown in Fig. 3.2(a). The area within this fence was
assumed to be occupied by the carbon-fiber substrate, and therefore the fence was the
same height as that of the substrate.
Upon imposing the boundary conditions on the adherent using the fence fabricated, the
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next challenge to tackle was to establish a procedure to fuse the ABS-M30 material over the
carbon-fiber substrate. The same CAD model used for crafting the fence was utilized for
printing the designs on the substrate due to the prior knowledge of their nominal thickness.
The desired interface reinforcement pattern was placed only on the joint overlap area of
the substrate within the assumed occupied space inside the fence. A tolerance of ±0.254
mm was considered while adding the interface reinforcement on the joint overlap area.

(a)

(b)

Figure 3.2: (a) Schematic diagram of CAD; (b) Stratasys Insight pre-processing of CAD
Upon adding the pattern of reinforcements to the CAD model, the file was exported
to .stl format for pre-processing in the Stratasys Insight software. This software serves as
the medium between the end-user and 3D-printer for creating a building job queue. The
parameters altered using Insight were the modeler type (FORTUS 900mc), slice height
(0.1778 mm), interior part style (solid-normal), visible surfaces (normal rasters), support
style (sparse), model and support tip (T12 tip), model material (ABS-M30), model material color (black), and support material (SR30 support). After applying the preferred
settings and running the required slice, support, and toolpath operations, the final step of
pre-processing was to insert a pause operator before the first layer of the interface reinforcement. Note that since the slice height used was 0.1778 mm and the design height of the
interface reinforcement was 0.76 mm, there were a total of four layers of ABS-M30 material
constituting the reinforcement. Hence, the pause was inserted before printing the bottom
first layer of the four constituent layers. Typically for this particular 4 layer design, the
building job would pause at 88% (i.e. when the surrounding fence was 100% built), allowing
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the end-user to open the FORTUS 900mc printer door, lower the platform, and safely place
the substrate inside the space confined by the fence. Once the adherent was fully secured
inside the fence, the printer door was closed and the building job was resumed by the user.
The remaining 12% of the building job corresponded to the interface reinforcements, which
began to fuse over the carbon-fiber composite substrate inside the printer. The average
printing time for a complete 3D-PA substrate reinforcement was approximately 10 minutes. After the building job reached 100%, the substrate was removed from the 3D printer
and optically examined for bond adherence between the ABS-M30 and the carbon-fiber
substrate. Also, the interface reinforcements were measured with a caliper for reassuring
a 0.76±0.05 mm height (refer to Table 3.2 for the measured specimen thicknesses), which
would provide the bondline control thickness required by the ASTM standard. If either of
the above requirements was unsatisfactory, the FORTUS 900mc printer was calibrated in
the z direction as prescribed by the end-user, and the printing process for the substrate
repeated.
Table 3.2: Measured specimen thicknesses
Sample PA (10:1) PA (15:1) PA (N/B) Model 1 Model 2 Model 3 Model 4
No.
(mm)
(mm)
(mm)
(mm) (mm) (mm) (mm)
1
5.50
5.57
5.43
5.54
5.53
5.51
5.51
2
5.57
5.50
5.44
5.50
5.52
5.52
5.49
3
5.48
5.55
5.48
5.57
5.47
5.49
5.48
4
5.50
5.52
5.44
5.53
5.48
5.53
5.49
5
5.56
5.54
5.51
5.51
Fig. 3.3 shows the side view of the printed specimens. The horizontal spacing between
the design lines were adjusted such that there is enough space for a resin layer between
them to assist perfect bonding in the lap joint. Overall, the 3D printing process involved
the steps shown in Fig. 3.4.
Upon printing the interface reinforcement designs on the substrates, the single lap
joints were fabricated using a procedure similar to that of the pure adhesive joints. The
only difference was that microspheres were not used here as the printed designs provided
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 3.3: (a)-(d): Images of the substrate surface with printed reinforcements
for Model 1, 2, 3, and 4, respectively; (e)-(h) Digital microscopy of 3D
printed substrates with visible gaps in side view of lap joint

Figure 3.4: Flowchart of fused deposition modeling process
the required bondline control thickness.
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3.3

Computational Approach

A computational model of the adhesively bonded joint specimen was developed (see Fig. 3.5)
to determine the stress distribution in the bond regions.

(a)

(b)

Figure 3.5: (a) Undeformed finite element model; (b) Deformed finite element model
Commercially available finite element method software “ABAQUS” was used to model
the system. A homogenized model for the carbon-fiber composite adherents was used with
adhesive layer at the bonded joint. Effective mechanical properties of the carbon fiber
laminate adherents [38], adhesive [39] and the model material [40] (3D printed) are shown
in Table 3.3. The adhesive and ABS-30M reinforcements were modeled assuming isotropic
behavior, which yields E11 = E22 = E33 and ν12 = ν13 = ν23 .
Table 3.3: List of materials and their assumed mechanical properties
G12 G13 G23
E33
E22
E11
ν12 ν13 ν23
Material
(MPa)(MPa)(MPa)
(GPa) (GPa) (GPa)
Adherents 48.02 48.02 1.94 0.2 0.480.27 940 770 770
Adhesive 10.34
- 0.3 - ABS-30M 2.75
- 0.3 - -

The first model generated was the bonded joint specimen with pure epoxy. A displacement of 1.016 mm in tension was applied at both the ends of the specimen along the x
direction. Maximum principal stress was determined along the centerline of the bonded
region and plotted as shown in Fig. 3.6.
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Figure 3.6: Maximum principal stress along bonded region center path
This was followed by modeling the bond region with four different designs as shown
in Fig. 3.7. In the pure epoxy model, the bonded regions experienced significant stresses
towards the edges of the bond overlap, as also noted by Banea and Lang [27, 41]. Due to
these significant stresses, the material is more likely to initiate failure in these regions. The
prime objective of the designs imparted to the bonded interface is to improve the bond
strength by redistributing the stresses to effectively reduce the risk of failure.

(a)

(b)

(c)

(d)

Figure 3.7: (a) Model 1; (b) Model 2; (c) Model 3; (d) Model 4
In order to analyze the behavior of the bond interface, partitions were created on the
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adherents and the bond area due to their complex designs. The region near the bond
interface was meshed with fine elements to closely capture the stress distribution, while
the rest of the model was coarsely meshed (5.1 mm seed size). A mesh sensitivity study
was conducted by refining the local seed size using in the range of 0.0762 mm, 0.0635
mm, and 0.0508 mm. For each seed size, the load-displacement response was determined
and no significant change in stress distribution among the three iterations was observed.
The maximum principal, normal and shear stress distribution for all the models are shown
in Fig. 3.8. The distinction in stresses are not very evident from the individual stress
distributions (σ33 and σ13 ) shown in Fig. 3.8 (b) and (c). Hence, maximum principal
stresses are compared between different models (Fig. 3.8 (a)), as they represent the effective
response of the bond regions that were modeled assuming isotropic material behavior.
The pure epoxy model displays drastic spikes in the stress values towards the edges of
the bond joint, but remains constant in the middle region of the bond overlap area. Among
the 3D-PA joint models developed, Model 2 and Model 4 appear to reduce the spike in
stress values towards the edges, hence redistributing the stresses in the bond region. This
is favorable since reducing the drastic change of stress undergone is more likely to reduce
failure. It is notable that for all designs, unlike the uniform behavior observed in the pure
epoxy model in the middle, there is a fluctuation in stress/strain at the places were the
reinforcements are located. Also, the strain is higher overall for all designs, even the ones
that reduced stress. However, stress is more critical to failure than strain, and the models
generated an overall uniform distribution that resulted in lower stress changes. Models
with uniform stress distribution compared to the pure epoxy case were chosen and printed
using polymer additive manufacturing technique.
3.4

Experimental Approach

Single lap shear tests were conducted to determine the apparent shear strength of the single
lap joint bonded specimens. Pure epoxy adhesive and 3D-PA joints were tested in the same
manner.
34

(a)

(b)

(c)

Figure 3.8: (a) Maximum principal stress; (b) Normal stress in the thickness (33)
direction; c) Shear stress in 13 direction of pure epoxy and the 4 3D-PA
models

3.4.1

Single Lap Shear Tests

Single lap shear (SLS) tests were performed on an INSTRON 5969 machine, assuring safety
conditions and following protocol regulations [42] and specifications mentioned in ASTM
D5868-014 [34]. SLS tests primarily involve tensile testing of single lap joint specimens that
consist of two adherent substrates bonded together using an adhesive over an overlap area
of 6.45 cm2 . The initial grip separation was 127 mm with 25.4 mm minimum grip length
for samples at each end. Five samples for each bond type were prepared as mentioned
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Figure 3.9: Experimental setup of single lap shear tests
before and tested at a loading rate of 13 mm/min. Fig. 3.9 shows the experimental set up
for the lap shear test with corresponding dimensions.
3.5

Results and Discussion

Failure modes in adhesively bonded joints have been widely studied by researchers, primarily focusing on the parameters leading to a certain failure mode. Predictive models of
the same have been developed by earlier researchers [35, 43, 44, 45] to capture the different
failure mechanisms associated with adhesively bonded joints. Commonly observed failure
modes related to lap shear tests are shown in Fig. 3.10.

Figure 3.10: Failure modes in lap shear tests
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.11: Load vs. displacement responses for (a) PA (10:1), (b) PA (15:1), (c)
Model 1, (d) Model 2, (e) Model 3, and (f) Model 4
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SLS test data obtained from each test was post-processed to ultimately determine the
apparent shear strength of the bonded joints. The load-displacement responses for each
joint type are shown in Fig. 3.11 (a)-(f), which were analyzed to determine the peak load and
energy absorbed by each sample. The limits of the axes are maintained constant between
the figures to display the distinct differences in the response between different cases. It can
be observed that 10:1 PA joints performed poorly as compared to that of 15:1 PA and Model
4 joints, where the latter manifested the highest strength and energy among all joint types.
Also, an increase of 107.6%, 155.5%, 132.1%, and 130% in stiffness was observed in Models
1-4 as compared to that of 10:1 PA joints. However, when compared to 15:1 PA joints,
Models 1-4 manifested a change of -3%, 19.3%, 8.5%, and 7.5%, respectively. The printed
reinforcements appear to enhance the overall stiffness of the bonded joint. After assessing
the load-displacement plots, the individual load values that were recorded by the operating
load cell were divided by the overlapping bond area to calculate the apparent shear strengths
of the joints. The average and standard deviation of shear strength values corresponding
to adhesive and cohesive failure modes were independently determined following ASTM
standards for each bond type, and are summarized in Fig. 3.12 (a). The corresponding
energy absorption values were also calculated by determining the area under the loaddisplacement responses, and are summarized in Fig. 3.12 (b). A trend similar to that of
shear strengths among different configurations is observed in the case of energy absorption
as well.
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(a)

(b)

Figure 3.12: Summary of (a) shear strength values and (b) energy absorbed for all
joint types investigated

(a)

(b)

Figure 3.13: Pure adhesive joints: (a) Top view of adhesive failure; (b) Top view of
cohesive failure

Adhesive and cohesive failures were the two key failure modes observed from the five
joint types investigated. Adhesive failure was dominant in the case of 10:1 PA joints as
shown in Fig. 3.13(a), where the bond region separates from the adherent completely. Here,
10:1 PA joints represents the case where a mass ratio of 10:1 between the adhesive and
microspheres as suggested by the manufacturer was used. The glass microspheres added
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to ensure a fixed bond thickness are visible in this figure. Cohesive failure was observed in
one case only as shown in Fig. 3.13(b), where the failure region passed through the bond
material. Cohesive failure was ignored due to its rare occurrence within the PA bonded
joints tested. However, upon increasing the ratio of adhesive and microspheres to 15:1,
the peak stress increased drastically and the failure mode was predominantly cohesive in
nature. PA joints manufactured without microspheres showed an increase in shear strength
with respect to 10:1 PA joints, while performing lower than 15:1 PA joints. Since the
focus of this chapter is not to investigate the influence of microsphere ratios on the bond
strength, the comparisons henceforth are made with the results from the ratio specified by
the manufacturer.

(a)

(b)

Figure 3.14: (a) Top view of cohesive failure of 3D-PA Model 1; (b) Top view of
cohesive failure of 3D-PA Model 2
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(a)

(b)

Figure 3.15: (a) Top view of cohesive failure of 3D-PA Model 3; (b) Top view of
cohesive failure of 3D-PA Model 4

Models 1 and 2 3D-PA bonded joints displayed both adhesive and cohesive failures
at the bond region as shown in Fig. 3.14, with the 3D designs visible in both types of
failure. The corresponding peak loads and stresses increased by 323.4% for Model 1 and
393.1% for Model 2 as compared to the PA joints. Unlike Models 1 and 2, Models 3
and 4 3D-PA bonded joints displayed only cohesive failures at the bond region as shown
in Fig. 3.15. Corresponding peak stresses showed an increase of 600.5% for Model 3 and
832.6% for Model 4 as compared to the PA joints, manifesting higher strengths than Models
1 and 2. This drastic increase in strength is attributed to the shift in failure mode from
adhesive to cohesive failure, as well as resistance to shear failure caused by the 3D printed
reinforcements. This initial study has shown that the structure imparted to the bond
regions using 3D printing has significantly improved the shear strength of the bonded
joints.
3.6

Summary/Conclusion

Improvement in strength and toughness of adhesively bonded joints was achieved by fusing
structural reinforcements to carbon woven laminate adherents using fused deposition modeling (FDM) additive technique. Single lap joints were fabricated with texture at the bond
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region imparted using polymer additive manufacturing technology. Pure adhesive (PA)
joints were manufactured first, followed by the fabrication of 3D-printed adhesive (3D-PA)
joints. Peak loads, shear stresses, and failure types were compared between each model.
Computational analyses of PA and 4 designs of 3D-PA bonded joints were conducted prior
to fabricating them. Stress concentrations along the bond line for each joint was determined
and compared to explore the influence of bond patterns on the stress distribution.
Key observations from the research presented in this chapter are as follows:
1. PA joints with epoxy/microsphere ratio of 10:1 failed mainly adhesively with a
low average apparent shear strength value of 1.5 MPa. Whereas, PA joints with
epoxy/microsphere ratio of 15:1 failed mainly cohesively with an average apparent
shear strength value of 12.03 MPa.
2. 3D-PA joints manifested higher average peak loads and shear strength values as compared to PA joints with epoxy/microsphere ratio of 10:1. In particular, Model 4, with
print lines only in the interior of the bond region, showed a maximum increase of up
to ≈832% with respect to PA joints with 10:1 ratio and about ≈43% with respect to
PA joints with no microspheres added to the epoxy.
3. A trend similar to that of shear strength was observed in the case of total energy
absorbed between the different joint types, along with an increase in joint stiffness.
4. Printed reinforcements appear to have imparted higher shear resistance to the bond
regions. Specifically, the stress distribution in the bond region is affected by the
pattern imparted, which causes an improvement in the apparent shear strength of
the single lap joints.
To summarize, a combined computational and experimental approach was used to established that the 3D printed reinforcements have the potential to drastically improve the
apparent shear strength of adhesively bonded single lap joints.
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Chapter 4
Flexural Fatigue Life and Behavior of Woven Carbon/Vinyl
Composites in Dry and Moisture Saturated Conditions
4.1

Introduction

Applications for composite materials are exponentially increasing due to the incessant industrial demand for stronger and lighter components. Structural designs which incorporate
FRPCs for enhancing their mechanical aptitudes are subject to a variety of loads, many
which are complex in nature. Although hard to analyze, it is imperative for these load
scenarios to be investigated thoroughly in order to understand the impact they have on
composite material components, which may provide meaningful and useful data when trying to assign a life-span or predict damage and ultimately structural failure of a certain
part or product. Environmental conditions also play a big role in determining the life-span
and failure mode of a structure and should be coupled uniquely with each significant load
case as well. This chapter studies one particular load case on woven carbon/vinyl ester
composites coupled with two different environmental circumstances: flexural cyclic loading
(fatigue) under room temperature in both dry and moisture saturated conditions.
While fatigue is a topic widely investigated due to its frequent occurrence and relationship with structural failure, seldom research has been documented for flexural (three-point
bend) fatigue tests on woven carbon/vinyl ester composites in dry or moisture conditions
at different temperatures. Other parameters such as test frequency, type of control (load or
deflection), stress/strain ranges, and fixtures used contribute to the widespread types of fatigue tests in literature. As mentioned by De Baere et al. [46], the majority of fatigue tests
conducted on FRPCs are performed in uni-axial tension/tension or tension/compression
fatigue rather than flexural fatigue due to the lack of standards [47, 48, 49, 50, 51]. Still,
some research is available on flexural fatigue combined with humidity controlled settings
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and moisture uptake. Rajeesh et al. [52] found that at higher levels of humidity exposure, polyamide 6 nanocomposites exhibit a higher fatigue life when compared to dry
conditions. This same behavior was observed in the findings of Timmaraju et al. [53] on
polyamide 66/hectorite nanocomposites. Other researchers, such as Couillard and Schwartz
[54], dwelt with flexural fatigue on composite materials featuring in-house cantilever beam
bending machines, concluding that unidirectional carbon fiber/epoxy composite strands
display fatigue damage as a loss of bending moment at 106 cycles. The effect of voids
on the flexural fatigue performance of unidirectional carbon fiber composites was studied
by Chambers et al. [55], and showed compelling evidence that pre-existing voids decrease
drastically the fatigue life of FRPCs.
In this thesis, static flexural loads coupled with room and arctic temperatures along with
dry and saturated conditions were covered in Chapter 2. This chapter is a continuation to
Chapter 2 in the sense of expanding the load case analysis, focusing this time specifically on
flexural dynamic cyclic loading (fatigue) while keeping the same variations in environmental
conditioning. The outline of the paper is as follows: the manufacturing of carbon fiber
laminates and sample dimensioning and preparation are discussed first, followed by the
experimental approach explanation, and ending with the results, discussion, and conclusion
sections.
4.2
4.2.1

Experimental Procedures
Manufacturing

Carbon fiber laminates were fabricated using vacuum assisted resin transfer molding
(VARTM) process. Material system, fabrication process and sample dimensions used in
this study are discussed next.
Material System
3K tow (i.e. 3000 filaments per tow) plain weave carbon fiber fabrics were used to manufacture the laminates investigated in this paper. These fabrics create lightweight and
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tensile stiffened structural products, and are also compatible with a variety of thermosets
and thermoplastics. This type of fabric is commonly used in aerospace, marine and automobile applications. Hetron 922 vinyl ester resin, formulated for 1.25% MEKP, was the
resin system utilized to impregnate the dry carbon fabric. Hetron 922 is a low viscous thermoset, which is advantageous for easy infiltration during the VARTM process. Mechanical
properties of the carbon fabric and vinyl ester resin are given in Table 4.1.
Table 4.1: Constituent material properties
Property
Carbon Fiber Vinyl-Ester
Tensile Strength
4.2-4.4 GPa
82.7 MPa
Tensile Modulus 227.5-240.6 GPa 3.7 GPa
Elongation
1.4-1.95
4.6-7.9
Flexural Strength
131 MPa
Flexural Modulus
3.4 GPa
Nom. Thickness
0.3048 mm
Barcol Hardness
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Laminate Fabrication
VARTM process was used to fabricate composite panels with 304.8 mm in length x 304.8
mm in width. Carbon fabric along with additional textiles, such as flow media, breather
and nylon sheets were also cut to fit aluminum molds of the same size as the expected
panels. Material layers required to fabricate a single composite panel were as follows: 2
aluminum molds, 2 flow-media sheets, 4 nylon peel plies, 2 layers of breather, and 16 layers
of carbon fiber. A through-thickness schematic arrangement of these material layers is

shown in Fig. 4.1. This arrangement was then wrapped with Stretchlon® 800 bagging film
and sealed with vacuum-sealant tape, ensuring space for both inlet and outlet connectors.
Vinyl-ester resin was mixed with MEKP hardener in a container at a weight ratio of
100:1.25. The outlet was then connected to a vacuum pump until the vacuum bag achieved
an airtight state of approximately 5.5 bar (gauge) pressure. The inlet of the vacuum bag
was then submerged in the resin/hardener mixture allowing flow of the resin through the
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Figure 4.1: Layer distribution of materials used in the VARTM process
dry fabric layers, which was assisted by the vacuum created. It is important to note that the
resin/hardener mixture was placed in a desiccator prior to infiltration in order to remove
air bubbles from the mixture. Upon completion of the resin transfer process, the laminate
was cured at room temperature for 24 hours.
Sample Dimensions
Sixteen layers of dry carbon fabric resulted in laminates with a nominal thickness of ≈ 4
mm. Specimens were water-jet cut to a length of 153.6 mm and a width of 13 mm (see
Fig. 4.2). Dimensions were based on the ASTM standard D7264 [10], which requires a
span-to-thickness ratio of 32:1 for accurate flexural results.

Figure 4.2: Dimensions of carbon fiber samples

4.2.2

Mechanical Testing

Woven carbon/vinyl ester flexural specimens were tested using a three-point bend test
fixture configuration (see Fig. 4.3) to determine their fatigue life under displacement-control
cycling settings. Static tests were conducted first to determine the maximum mid-span
deflection before failure, which averaged 5.825 mm. Then, four different displacement
ranges and amplitudes were chosen based on static testing results in order to produce a
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reliable strain-life curve, as shown by Slot et al. [56]. Refer to Fig. 4.4 for a displacement
sine wave example.

Figure 4.3: Three-point bend test setup

Figure 4.4: Example of a displacement sine wave
Displacements and loads were converted to strain and stress values using Equations 4.1,
which are given in the ASTM standard D7264 [11].
σ=

3P L
6δh
; = 2
2
2bh
L

(4.1)

All tests were operated at room temperature with a frequency of 1 Hz on an Instron 8801
servo-hydraulic machine. A Fast Track 8800 controller was used to create a sine wave
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function for each test, allowing the use of a close-loop technique that generated a feed-back
signal ultimately providing an instantaneous correction for small displacement amplitude
deviations of the actuator.
Two sets of samples were considered for this chapter: dry and moisture saturated.
Saturated samples were submerged in synthetic seawater for a period of 140 days, which
is considered widely in literature to be a proper period of time for complete moisture
saturation [12, 13, 14]. A total of 12 samples were fatigue tested for each environmental
condition.
According to Boyer [57] and general academic practices on cyclic loading, the fatigue
process consists of three stages: (i) Initial fatigue damage leading to crack initiation, (ii)
Progressive cyclic growth of crack, and (iii) Final fracture of the remaining cross-section. An
effort was made in this paper to identify these three stages in each conducted fatigue test.
For one sample in each strain range configuration, the machine test was periodically paused,
the sample was then removed from the fixture and examined under a digital microscope in
search for each of the three stages.
4.3

Results and Discussion

It is important to note that there are two main types of fatigue testing types usually
developed in academic research: fatigue crack initiation and fatigue crack propagation [57].
The former deals with subjecting a specimen to cyclic loading until failure occurs and
the latter has the objective of determining the rates at which critical cracks grow on the
specimen before the crack size produces fracture. In this paper, fatigue crack initiation was
the primary focus.
Due to the ductile nature of carbon/vinyl ester composites in flexural three-point bend
testing, fatigue failure was difficult to define and identify. Therefore, the authors decided
upon a failure criteria, following other researchers procedures [58, 59], where if the maximum load recorded at some point during the test fell below the 20-25% mark dictated by
the average load of the first 10 cycles, failure was assumed at that point.
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The presentation of fatigue data for displacement-controlled tests commonly includes
a plot of the total strain range percentage (∆ %) versus the number of cycles to failure,
otherwise known a the strain-life curve. Hysteresis loops, used for establishing stiffness
degradation and damage growth, should also be recorded not in stress-strain terms as done
with load-controlled testing, but in load versus mid-span displacement values as suggested
by De Baere et al. [46]. In addition, Wu et al. [60] recommend reproducing a plot showing
the variation of stress peaks with increasing number of cycles for each strain range. The
strain-curve for both dry and saturated specimens are shown in Fig. 4.5; a summary of
averaged results for each test configuration is presented in Table 4.2.

Figure 4.5: Strain-life fatigue curves for both dry and saturated specimens
From observing the strain-life curves, it is correct to state that the elevated moisture
content decreased the fatigue life of the saturated specimens, specifically by 61.71%, when
compared to dry coupons. Although this may constitute a disjunction with literature
findings where higher levels of humidity exposure result in higher fatigue life [52, 53], it
is important to recall that many of those studies dealt with low exposure time periods
and neglected full submergence of coupons into the utilized fluid, whereas in this study
the exposed specimens were completely submerged into synthetic seawater until moisture
saturation was complete. Damage mechanisms for partial exposure to humidity prove to
be completely disproportional when compared to complete submergence to a liquid until
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Table 4.2: Matrix of fatigue testing and average results
Type Strain Range Frequency
Fatigue (cycles)
St. Dev.
(∆) %
(f) Hz Stage 1 Stage 2 Stage 3 at failure
Dry
0.62
1
95
1000
3830
1110
Dry
0.53
1
340
2300
5170
3170
Dry
0.46
1
750
9500
17500
3570
Dry
0.31
1
no failure
Saturated
0.62
1
35
260
400
110
Saturated
0.53
1
260
1070
2170
1290
Saturated
0.46
1
540
5000
10930
6310
Saturated
0.31
1
no failure
saturation, and thus the matrix plasticization in this case turned out to be detrimental to
the fatigue life of the coupons.
Typical stage 1, 2, and 3 fatigue images which materialized during testing of dry specimens are shown in Fig. 4.6 (a-d). Stage 1 fatigue always initiated at the top surface where
specimen was in contact with the machine’s indenter and presented itself in the form of
slight interlaminar damage (delamination). Stage 2 followed with a progressive growth of
intralaminar fracture (matrix cracking). The crack growth speed was dependent on the
strain range applied (e.i. higher strain ranges resulted in higher crack growth rates). Stage
3 ended the fatigue test normally by manifesting translaminar fracture (fiber breakage),
culminating with a fatal shear band failure mode on all cases, in accordance to Michel et
al. [61]. The three stages of fatigue for saturated samples were near identical to those
shown by dry samples, with the only difference being that saturated samples displayed less
resistance to interlaminar, intralaminar, and translaminar fracture conclusively deriving in
lower average fatigue life.
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(a)

(b)

(c)

Figure 4.6: Digital microscope images of dry samples: (a) Stage 1 side view, (b)
Stage 2-3 side view, (c) Stage 2-3 top view
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(a)

(b)

Figure 4.7: (a) Load-displacement hysteresis loop for dry fatigued specimens under ∆=0.62%; (b) Load-displacement hysteresis loop for saturated fatigued specimens under ∆=0.62%

(a)

(b)

Figure 4.8: Stress variation with increasing number of cycles of all strain range
configurations for: (a) dry samples and (b) saturated samples

The hysteresis loops for both dry and saturated samples are shown in Fig. 4.7 (a-b).
For simplicity, only the 0.62% strain range was considered. Logarithmic-scaled cycles were
recorded (i.e. cycles 10, 100, 1000, etc.) per each test. It can be observed that the load
response for both types of conditioning decayed with increasing number of cycles, noting
that dry specimens showed a higher resistance to load decline, constituting higher damage
in the saturated specimens’ cross-sectional areas. The stress peak variation versus number
of cycles to failure plot is shown in Fig. 4.8. This plot demonstrates how the failure of
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carbon/vinyl ester composites happens gradually and not sudden, providing more evidence
of ductile behavior inherited by the vinyl ester resin within the material system. Also, the
stiffness decrease between dry and wet samples can be observed with the origin stresses
present in each strain range percentage.
4.4

Summary/Conclusion

In this chapter, the flexural fatigue life and behavior of woven carbon/vinyl ester composite specimens were characterized under two different environmental settings: dry and
moisture saturated conditions (all at room temperature). The differences between the two
sets of results was primarily studied. The composite coupons were tested using a standard
three-point bend approach applying a displacement-controlled sine wave at a frequency (f )
of 1 Hz. A total of 12 specimens were tested for each type of environmental conditioning
(i.e. dry and saturated). The saturated specimens were exposed to synthetic seawater by
submergence for a period of 140 days, which guaranteed complete moisture saturation. The
reported data included the strain-life curve, the load versus mid-span displacement hysteresis loops, and the peak stresses versus cycles to failure plot. The following conclusions
were made by the authors through the interpretation of the presented data:
1. Saturated specimens showed an average decrease in fatigue life of 61.71% when compared to dry specimens. Synthetic seawater proved detrimental to the structural integrity of the material matrix with evidence of low resistance towards fatigue cracking
and shear band fracture caused by the plasticization of the vinyl ester resin.
2. For both dry and saturated specimens, the 3 stages of fatigue commonly began with
slight interlaminar damage (delamination) initiated at the surface of contact with
the machine’s indenter. Crack initiation followed with a progressive growth demonstrated by intralaminar fracture (matrix cracking) and culminated with specimen
failure through the means of translaminar fracture (fiber breakage).
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3. Hysteresis loops and peak stress variations with increasing number of cycles showed
a periodic load decay for both dry and saturated coupons, where the latter displayed
a higher rate of damage to failure than the former.
Special care should be taken when designing structures and components with FRPCs
destined for cyclic loading and moisture exposed applications, as these conditions may
induce unwanted damage mechanisms that could harm the microstructure stability of the
composite and ultimately cause catastrophic failure.

54

Chapter 5
Compression and Impact Response Study on the Hybridization
of Fly-Ash and Woven Carbon/Vinyl Ester Composites
5.1

Introduction

Fly ash is a by-product fine particle sized powder, otherwise know as cenospheres, primarily
obtained from burning coal in electrical generation power plants. Due to its abundance,
coal combustion products (CCPs) have recently been researched and implemented as a filler
material for different types of mixtures seeking multiple mechanical response purposes.
More specifically, the construction industry field has seen a rise in usage of CCPs, as
the addition of fly ash in concrete and cement pavement has proven to have an overall
positive impact on the design intricacies and in-service output. The structural benefits of
fly ash on pavement, as seen in literature, include reduction of density, higher strengths
(depending on application load), increase in extreme temperature tolerance, and decrease
of permeability and higher resistance to crack propagation mechanisms [62, 63, 64]. Adding
to the aforementioned, fly ash is also considered to be a more environmentally friendly and
cost-effective solution when compared to other binder filler materials being used in industry.
Although the effects of CCPs in pavement and other civil engineering related mixtures have
been widely researched [65, 66, 67], seldom work exists on the effects of fly ash embedding in
fiber reinforced polymer composites (FRPCs). Two papers were found in which the authors
used a hand lay up technique for manufacturing fly ash/FRP composites: Srivastava et
al. [68] investigated the fracture toughness and fracture surface energy of epoxy/carbon
fiber/fly-ash composites yielding an improvement in fracture properties; Sathees Raja et al.
[69] studied the mechanical properties of fly ash impregnated glass fiber reinforced polymer
composites and found an enhancement of tensile properties.
In this chapter, the effects on the density, compression and impact properties of fly ash
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interlaminar embedding in woven carbon/vinyl ester composites is studied. An additional
inquiry on neat resin and syntactic foams was incorporated for the means of grasping a
better understanding of fly ash/vinyl ester interactions. Also in this chapter, the composite
laminates manufactured without the mixture of fly ash will be called pristine, whereas fly
ash interlaminar-embedded composite laminates will be referred to as FoamPosites for the
sake of simplicity.
The outline of the chapter is as follows: The manufacturing process is explained first,
followed by the experimental approach, ending with the results, discussion and conclusion
sections.
5.2

Manufacturing

The manufacturing process followed in this chapter was carried out and discussed in the
following chronological manner: (i) neat resin and syntactic foams were crafted first in
order to primarily observe the initial compression mechanical reaction of the fly ash/vinyl
ester mixture, then (ii) a set of pristine and FoamPosite laminates were manufactured for
compression response testing. Finally, (iii) another set of pristine and FoamPosite laminates
were manufactured for impact response testing. The fly ash product used throughout this
work was LighStar 106 Cenospheres, supplied by Cenostar Corporation (refer to Table
5.1 for properties). LighStar 106 Cenospheres consists of a chemical composition of silica
(55-60 %wt), alumina (28-34 %wt), and iron (1.5-5 %wt).
Table 5.1: Typical properties of LS106 cenospheres
Technology
Property
Physical Form
Free Flowing Powder
Color, Hunter Whiteness Index Near White, Hw 68-70
Particle Size Range, microns
10-106
Bulk Density
0.32-0.44 g/cm3
True Density
0.85-0.95 g/cm3
Compressive Strength
90% survival @ 3200 PSI
Melting Point
1200-1400 o C
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5.2.1

Neat Resin and Syntactic Foams

Neat vinyl ester resin (see Table 5.2 for properties) and syntactic foams were crafted first in
order to primarily observe the initial compression mechanical response of the fly ash/vinyl
ester mixture.
Table 5.2: Constituent material properties of vinyl ester resin
Property
Value
Tensile Strength 82.7 MPa
Tensile Modulus 3.7 GPa
Elongation
4.6-7.9
Flexural Strength 131 MPa
Flexural Modulus 3.4 GPa
Barcol Hardness
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The syntactic foams were manufactured by thoroughly mixing a volumetric-controlled
ratio of vinyl ester and LS 106 fly ash. Two fly ash-to-resin volume ratios were used for
making syntactic foams: 20% and 40%. 2-part cylindrical plastic molds, measuring 31.75
mm in diameter and 30.73 mm in depth, were used to make preliminary sample batches for
both neat resin and syntactic foams. After the 24 hour-room temperature curing process
was done, the preliminary samples were gently removed from the plastic molds and were
cut to the specified dimensions for compression testing using a diamond-blade tile cutter,
following ASTM D695. Specimens were then measured with a caliper and weighed with
a 0.001 g accuracy analytical balance (refer to Table 5.3). The volume difference between
20% and 40% syntactic foams can be appreciated in Fig. 5.1.
5.2.2

Compression and Impact: Laminate Preparation and Dimensioning

3K tow (i.e. 3000 filaments per tow) plain weave carbon fiber fabrics were used to manufacture the laminates investigated in this paper. These fabrics create lightweight and tensile
stiffened structural products, and are also compatible with a variety of thermosets and
thermoplastics. This type of fabric is commonly used in aerospace, marine and automobile
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Table 5.3: Measurements of neat resin and syntactic foam specimens subjected to
compression testing
Type
Neat
Neat
Neat
Neat
Syntactic
Syntactic
Syntactic
Syntactic
Syntactic
Syntactic
Syntactic
Syntactic

Ratio Sample No. Length (mm) Width (mm) Thickness (mm) Density (g/cm3 )
1
12.75
13.18
22.62
1.026
2
15.1
15.1
22.95
1.021
3
13.35
13.87
23.95
1.037
4
14.83
15.07
24.41
1.029
20%
1
13.31
13.63
22.86
0.971
20%
2
13.98
13.64
23.76
0.970
20%
3
13.29
13.38
24.65
0.969
20%
4
13.57
13.88
22.63
0.970
40%
1
13.12
13.22
26.23
0.939
40%
2
14
14.1
26.45
0.931
40%
3
12.8
13.78
26.28
0.936
40%
4
13.44
13.98
24.65
0.935

(a)

(b)

Figure 5.1: Digital microscopy of (a) 20% syntactic foam surface; (b) 40% syntactic
foam surface

applications. Hetron 922 vinyl ester resin, formulated for 1.25% MEKP, was the resin system utilized to impregnate the dry carbon fabric. Hetron 922 is a low viscous thermoset,
which is advantageous for easy infiltration during the resin transfer process.
A hand lay up, vacuum assisted in-house manufacturing process was followed to make
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composite laminates, with and without fly ash, for both compression and impact mechanical
testing. The only differences between manufacturing compression and impact laminates
were their thicknesses (i.e. amount of carbon fabric layers used) and the sample dimensions.
The first step was to prepare the aluminum mold in which the fabric was going to rest
during the whole process with acetone and afterwards with a mold release agent. Then,
2 layers of flow media were placed on top of the aluminum mold, followed by 1 layer of
ARMALON tefflon sheet. The next step was to place the desired amount of carbon fiber
layers; compression laminates consisted of 48 layers resulting in an approximate laminate
thickness of 10 mm, whereas impact laminates consisted of only 16 carbon fiber layers
resulting in an approximate laminate thickness of 4 mm. In the case of manufacturing
FoamPosite laminates, 0.2 g of fly ash was added and spread uniformly by hand in-between
each carbon fiber layer (see Fig. 5.2 (a)).

(a)

(b)

Figure 5.2: (a) Fly ash was uniformly spread by hand in-between carbon fiber layers; (b) Full setup of a complete manufacturing envelope

FoamPosite laminates usually resulted with a thicker cross-section, even though the
same layers of carbon fiber were used. After the lay-up of the carbon fiber plies, 1 layer
of ARMALON tefflon sheet was added on top, followed by 2 sheets of flow media, 1 nylon
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layer, and 1 vacuum bag layer with an inlet and an outlet port for the resin transfer. A
second vacuum bag was added, after placing 1 breather ply on top of the first vacuum bag,
for confirming near ideal vacuum pressure and narrow the generation of voids by squeezing
the air bubbles out via pressure control. An illustration of a completed manufacturing
envelope is shown in Fig. 5.2 (b). Before executing the resin transfer, the vinyl ester was
placed inside a desiccator under vacuum for the extraction of air impurities which, if left
untreated, may later cause void formation once in the curing process of the laminate.
Once prepared, the laminates were cut using a water-jet cutter for high precision specimens, which were afterwards measured with a caliper and weighed with a 0.001 g accuracy
analytical balance (refer to Fig. 5.4 for measured values).
Table 5.4: Measurements of impact and compression specimens where I=impact,
C=compression, P=pristine and F=FoamPosite
Test Type Sample No. Length (mm) Width (mm) Thickness (mm) Density (g/cm3 )
I
P
1
151.03
100.88
3.8
1.375
I
P
2
151.08
98.38
3.8
1.377
I
P
3
149.68
100.4
3.84
1.371
I
P
4
149.87
100.43
3.82
1.374
I
F
1
148.35
98.66
4.75
1.277
I
F
2
148.78
99.82
4.7
1.288
I
F
3
151.28
99.42
4.85
1.255
I
F
4
151.9
100.74
4.84
1.264
C
P
1
9.75
9.62
9.44
1.431
C
P
2
9.79
9.66
9.6
1.429
C
P
3
9.29
9.41
9.43
1.485
C
P
4
9.39
9.51
9.3
1.486
C
F
1
9.51
9.6
13.31
1.313
C
F
2
9.55
9.64
13.04
1.261
C
F
3
9.52
9.44
13.14
1.276
C
F
4
9.53
9.45
13.53
1.237
C
F
5
9.52
9.61
13.12
1.270
C
F
6
9.53
9.45
12.94
1.268
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5.3

Experimental Approach

The details of the experimental procedures followed in his work, for both flat-wise compression and impact, are explained in the next subsections. All testing was conducted at
room temperature.
5.3.1

Flat-wise Compression Testing

Neat Resin and Syntactic Foams
A tension/compression MTS testing machine with a 100 kN load cell capacity was used
for finding the compressive strengths of the neat resin and syntactic foam coupons at a
compression rate of 1.3 mm/min, following the ASTM D695 [70]. 4 samples were tested
for each material configuration. NIKAL extreme service anti-seize lubricant was used in
between the compression plates and each of the specimens in order to minimize frictional
loads between the contact surfaces. Special care was taken by placing a safety glass shield
in between the operator and the test specimen being compressed. Compression load versus
displacement plots were presented after the tests were executed.
Pristine and FoamPosites
A Satec Systems servo-hydraulic compression machine (Model MII 400 RD) with a 450 kN
load cell capacity was used for the flat-wise compression testing of pristine and FoamPosite
specimens. A compression rate of 1.3 mm/min was applied following the ASTM D695
[70]. 4 pristine specimens were subjected to compression along with 6 FoamPosite samples.
NIKAL extreme service anti-seize lubricant was used in between the compression plates and
each of the specimens in order to minimize frictional loads between the contact surfaces.
Compression stress versus strain plots were presented after the experiments were executed.
5.3.2

Impact Testing

An Instron CEAST 9350 drop tower impact system was used for mechanically impacting
both pristine and FoamPosite specimens. All tests were conducted at an energy level of 10
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Joules. 4 samples of each type of laminate were experimentally evaluated. Displacement,
force, and energy versus time plots were reported after the conclusion of the experiments.
5.4

Results and Discussion

The densities measured for 20 and 40 percent syntactic foams were 5.7% and 9 % lower,
respectively, than the density measured for neat resin specimens. The compression load
versus displacement plots for the neat resin, 20% and 40% syntactic foams are shown in
Fig. 5.3 (a-c). Results show that there is a near equal behavior, in strength and modulus, of 20% and 40% syntactic foams when subjected to compressive loading. Neat resin
specimens displayed two subsequent drops in load, the second one causing catastrophic
failure. The apparent compressive strength of syntactic foams seemed to drop drastically
when compared to neat resin samples, although the internal mechanism responsible for
the two drops in load in the neat resin samples remains unknown to the authors. Fig. 5.3
(d-f) shows the physical aftermath of the samples subjected to compressive loads, where
barreling (ductile) behavior was displayed by both pristine and syntactic foam samples.
The latter showed less crack growth resistance than the former.
After manufacturing FoamPosite laminates, a compression coupon was cut and looked
under a digital microscope in search of fly ash placement and distribution. The images can
be observed in Fig. 5.4. The authors agree that, even though practical, the distribution of
cenospheres by hand was not ideal and hence a better way of implanting uniform layers of
fly ash in between fiber layers is needed. Weight measurements indicate that the existance
of hollow cenospheres in the FoamPosites reduced the density of compression coupons by
12.58% when compared to pristine manufactured coupons.
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(a)

(b)

(d)

(c)

(e)

(f)

Figure 5.3: Compression load versus displacement plots for (a) 20% ratio; (b) 40%
ratio; and (c) Pristine, and damage result for (d) 20% samples; (e) 40%
samples; and (f) pristine
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(a)

(b)

Figure 5.4: (a) Visible cross-section to the human eye of a FoamPosite specimen;
(b) Magnification of the FoamPosite’s cross-section where fly-ash cenospheres are discernible in the interlaminar regions

The failed remains of pristine and FoamPosite specimens subjected to flat-wise compression are shown in Fig. 5.5 and Fig. 5.6, respectively. Failure modes, for both types
of samples, included shearing through different cleavage planes and end rolling (brooming
effect).

(a)

(b)

(c)

(d)

Figure 5.5: (a-d) Compression damage results on pristine specimens
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(c)

(a)

(b)

(d)

(e)

(f)

Figure 5.6: (a-f) Compression damage results on FoamPosite specimens
Their corresponding stress-strain curve plots are shown in Fig. 5.7. In contrast to what
happened to the density, FoamPosites exhibited a decrease in compressive strength and
modulus of 22% and 31.15%, respectively. On the other hand, FoamPosite showed a rise in
toughness of 24.18%. It is theoreticized that the variations of all these mechanical properties
are caused by the cenosphere’s tendency to shift brittle behavior into ductile behavior,
thus showing less strength but higher toughness. Also, the strength reduction can be
attributed to the millimetric uneven distribution of the fly ash in the interlaminar regions.
Disproportionate thicknesses caused by irregular and patchy waves of cenospheres may
increase the number possibility of cleavage lines and planes where the specimen starts to give
in to compressive failure mechanisms, such as the ones already discussed and encountered
in this chapter.
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(a)

(b)

Figure 5.7: Stress-strain curve plots for (a) pristine specimens and (b) FoamPosite
specimens

The last type of tests to be conducted were the impact of pristine and FoamPosite
samples, subjected to an energy level of 10 Joules. The displacement, force, and energy
versus time plots are presented in Fig. 5.9 (a-c). The impacted surfaces for both cases
are shown in Fig. 5.8. As expected, the FoamPosite impact samples showed a decrease in
density with respect to pristine coupons of 7.51%. It can be observed from the graphs and
from the raw and processed data that the FoamPosites manifested a lower deflection (12.3%
decrease) at the moment the drop tower head impacted the samples than pristine samples.
Although this implies that the FoamPosites handled damage superiorly, the energy plot
shows that they finalized with a higher degree of damage (35% increase) than pristine
composite specimens. The degree of damage (D) is defined as the ratio of the absorbed
energy to impact energy. In addition to this bizarre behavior, the outer surfaces of the
FoamPosites visually show less damage than the outer shell of pristine specimens, where
damage is easily discerned.
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(a)

(b)

(c)

(d)

Figure 5.8: (a) Top surface of impacted area for pristine sample; (b) Bottom surface of impacted area for pristine sample; (c) Top surface of impacted
area for FoamPosite sample; (d) Bottom surface of impacted area for
FoamPosite sample

This impact performance of FoamPosites is thought by the authors to happen due
to the cenosphere’s inherent malleability of internalizing the damage and absorbing the
majority of the energy received. That is, the fly ash absorbed most of the impact energy
via the crushing of multiple cenosphere’s present in the interlaminar regions of the specimen,
explaining why there was almost no visible damage in the outer shell and why there was
less deflection caused by the impact head of the machine.
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(a)

(b)

(c)

Figure 5.9: Post-processed data from impact testing at 10 J: (a) Displacement plot;
(b) Load plot; (c) Energy plot

5.5

Summary/Conclusion

In this chapter, the author explores the possibility of enhancing the weight quality of woven
carbon composites by implanting fly ash in the interlaminar regions of the material without
compromising the general structural stability. The effects on the density, compression
and impact properties of the fly ash interlaminar embedding in woven carbon/vinyl ester
composites was investigated. An additional study on neat resin and syntactic foams was
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incorporated for the means of understanding the response of fly ash/vinyl ester interactions.
LS 106 Cenospheres were used as the fly ash filler. In every case, the fly ash reduced the
density of the structure being analyzed: 7.51% in impact coupons, 9% in syntactic foams,
and up to 12.58% reduction in compression specimens. Also, FoamPosites showed an overall
increase in toughness. However, it is critical to note that the fly ash mixture may have
compromised the structure in analysis in various ways: the apparent compressive strength
and modulus decreased for FoamPosites with respect to pristine specimens, while mixed
results were gathered from the impact testing and sample-post mortem as well.
It is clear that placing fly ash in interlaminar regions of FRPCs as a reinforcement
is still not an immediate practical option for engineering design and in-service industrial
applications due to the drawbacks seen in this experimental work and in literature. More
research on the modeling and testing of FRPC/CCP hybrids has to be done in order to
correctly asses the fly ash as an actual structural reinforcement.
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Chapter 6
Conclusion and Future Work
6.1

Conclusion

This thesis addressed the mechanical response of woven carbon/vinyl ester composite materials subjected to different types of loads, applications and environmental conditions and
suggested two methods of enhancing strength and weight qualities with the implementation
of additive manufacturing and interlaminar fly ash embedding. A recurring theme of this
multi-purpose investigation was moisture saturation in the composite and how the degradation manifested itself and impacted the material properties. Key environmental exposures
included seawater, arctic temperature and combined sea water/arctic conditioning. Results
showed that sea water saturation in general degraded the flexural strength, whereas arctic
exposure and combined condition shift the post peak behavior from progressive to brittle
type failure - making the material system unstable for in-service practices. Sea water
exposure also proved detrimental to the fatigue life of woven carbon/vinyl ester composites.

6.2

Major Contributions

In between this body of work, the author suggested two different methods which could
enhance the strength and weight qualities of woven composites in general applications, obtaining general positive results: (1) Improvement in strength and toughness of adhesively
bonded joints via the fusion of structural reinforcements to carbon woven laminate adherents using fused deposition modeling, and (2) Fly ash interlaminar embedding where the
FoamPosites (composite material with fly ash) showed a nominal decrease in the density
without severely compromising the general structural stability of the material. In addition, it is important to note that the works presented in Chapter 2 and 3 represent actual
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published articles in two separate and renowned composite journals.
6.3

Future Work

Future work is strongly suggested by the author and includes (i) the characterization of
bond adherence strength between model materials and composite adherents through the
means of sensoring temperature extrusion and modeling such interactions, (ii) in-situ fatigue testing in extreme temperatures with variation of the experimental sinusoidal frequency, and (iii) the development of standard procedures for manufacturing FoamPosites,
avoiding the uneven distribution of fly ash within the material matrix. Although some topics covered in this thesis are promising and appear to have potential, they should be taken
as initial stage projects and developed with the scientific care which would eventually, and
hopefully, promote their acceptance and operation in industrial and domestic applications,
guaranteeing engineering quality above all.
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